ABSTRACT We developed microsatellite loci to examine the occurrence of multiple paternity in the praying mantid Tenodera aridifolia Stoll, as inferred from the genotypes of the progeny within Þeld-collected oothecae (egg cases). The microsatellite locus MTA, developed from Þeld-caught mantids, was found to have three alleles (A, B, and C) among Ͼ600 hatchlings from 18 oothecae from two locations in Japan. Of the 18 oothecae, two show clear evidence of multiple sires, two show equivocal evidence of multiple sires, and the remaining 14 do not show evidence of multiple sires. Thirteen of the latter 14 oothecae are exclusively homozygous, with all progeny being of the same genotype (BB). Although the exclusively homozygous oothecae suggest a high incidence of monogamy in these Þeld populations, we caution that we probably underestimated the incidence of multiple paternity, given our use of one locus with three alleles. This study is the Þrst genetic investigation of Þeld-collected progeny of a sexually cannibalistic species, as well as the Þrst demonstration of multiple paternity in nature for a sexually cannibalistic species.
Sexual cannibalism, where females kill and consume males during or after courtship or copulation, occurs in many arthropod species, particularly spiders and mantids (Elgar 1992 , Maxwell 1999 , Elgar and Schneider 2004 , Prenter et al. 2006 . Cannibalism entails a clear cost for the male, as he loses future mating opportunities. Cannibalism might beneÞt the male if 1) the consumption of his soma signiÞcantly increases his mateÕs fecundity, or 2) he gains a paternity advantage through cannibalism, such as by prolonging copulation duration to transfer more sperm or to prevent other males from mating with the female (Buskirk et al. 1984 , Elgar 1992 , Alcock 1994 , Andrade 1996 , Johns and Maxwell 1997 , Elgar and Schneider 2004 . Thus, to evaluate the relative costs and beneÞts of sexual cannibalism in an ecological context, it is necessary to determine the degree of multiple paternity among females in nature. If multiple paternity is infrequent, then a cannibalized male may indeed beneÞt by increasing his mateÕs fecundity. If, however, multiple paternity is frequent, then the beneÞts of cannibalism are much less certain for a given male.
Recent research has examined sperm competition and relative paternity in sexually cannibalistic spiders (Elgar et al. 2000 (Elgar et al. , 2003 reviewed in Elgar and Schneider 2004; Snow and Andrade 2005; Prenter et al. 2006; Nessler et al. 2009; Schneider and Lesmono 2009; Barry et al. 2010) . Although these studies point to inßuences on relative paternity such as the timing of cannibalism, copulation duration, and breakage of male genitalia, they have been conÞned to laboratory conditions. Females of sexually cannibalistic spiders and mantids have been observed in association with, or actually mating with, multiple males in nature (Bartley 1982 , Lawrence 1992 , Hurd et al. 1994 , Andrade 1996 , Fahey and Elgar 1997 , Maxwell 1998 ). Yet, whether mixed paternity occurs in Þeld populations of such species remains unknown. We examine the occurrence of multiple paternity within Þeld-collected egg clutches in the praying mantid Tenodera aridifolia Stoll.
The mantid T. aridifolia is a large ambush predator, and females have been observed to cannibalize males in captivity and the Þeld (Liske and Davis 1987, Hurd et al. 1994) . Individual females also have been observed to mate multiply in the Þeld (Bartley 1982 , Hurd et al. 1994 . As in other mantids, females lay their eggs in discrete egg cases (oothecae). We use molecular techniques (microsatellite loci) to examine the genotypes of progeny within Þeld-collected oothecae to test for the occurrence of multiple paternity in this sexually cannibalistic species in nature.
Materials and Methods
Collection and Incubation of Oothecae. We collected 18 oothecae (egg cases) at two Þeld sites in Japan: 10 oothecae (oothecae 1Ð10) from forest grassland in Fukuyama, Hiroshima (December 2008 ÐJan-uary 2009 ) and eight oothecae (oothecae 11Ð18) from riparian grassland in Hirosaki, Aomori (SeptemberÐ October 2008) . To reduce the possibility that we took multiple oothecae from an individual female, we collected oothecae that were spatially separated. In Fukuyama, there were four collection sites (one to four oothecae per site); each site was at least 2.5 km from the other sites. Oothecae from Hirosaki were collected at one site; each ootheca was at least 20 m from the other oothecae. We placed each ootheca in a cup covered with mesh (10 cm in diameter, 4.5 cm in height) and incubated the oothecae at 30ЊC. The oothecae hatched after 2Ð3 wk. We initially selected 30 random hatchlings from each ootheca and immediately froze them at Ϫ80ЊC for genotyping (described below). Of these initial samples of 30 hatchlings, we found Þve or more genotypes in two oothecae (oothecae 6 and 7), which prompted us to genotype all of the hatchlings from these two oothecae (n ϭ 86 and 133 hatchlings).
Development of Microsatellite Primer. Methods used for the isolation of microsatellites were based on the 5Ј anchored polymerase chain reaction (PCR) technique (Adachi-Hagimori et al. 2008) . DNA was extracted from an immature T. aridifolia captured at Fukuyama by dissecting and crushing its foreleg with a clean plastic rod in 30 l of sterile water with 5% Chelex resin (Bio-Rad Laboratories, Hercules, CA) incubated with 2 l of proteinase K (0.5 mg/ml) at 56ЊC for 3 h. The homogenate was boiled at 99.9ЊC for 5 min to inactivate the proteinase K and was used as a template for PCR.
Initial reaction was performed using 10 l of PCR mixtures:1 l of template DNA, 5.0 l of AmpliTaq Gold PCR Master Mix (PE Applied Biosystems, Tokyo, Japan), 1.0 l of 10 pmol l Ϫ1 primer [5Ј-(AC) 6 (AG) 5 -3Ј] (Lian et al. 2006) , and 3.0 l of sterile water. PCR ampliÞcation was done in an ABI thermocycler (PCR System 9700 and 2400, PE Applied Biosystems) with the following program: an initial denaturing step at 95ЊC for 10 min; 35 cycles of 94ЊC for 1 min, an annealing step at 49ЊC for 1 min 30 s, 72ЊC for 1 min 30 s; and a Þnal extension step of 72ЊC for 1 min 30 s. PCR products were resolved on a 1.5% agarose gel, stained with ethidium bromide, and visualized under a UV transilluminator.
PCR products were cloned according to the p-GEMT Easy Vector system protocol (Promega, Tokyo, Japan). Based on colony PCR analysis, recombinant clones Ͼ500 bp were isolated, puriÞed, and directly sequenced using M13M4 and M13RV universal primers. A dye terminator-labeled cycle sequencing reaction was conducted with BigDye DNA sequencing kit, version 3.1 (PE Applied Biosystems). The temperature proÞle was 1 min at 96ЊC followed by 25 cycles of 10 s at 96ЊC, 5 s at 50ЊC, and 4 min at 60ЊC. Reaction products were analyzed using an ABI Prism 3130xl genetic analyzer (PE Applied Biosystems). Partial sequences were edited and assembled with the Contig Express program in Vector NTI Advance, version 10.1 (Invitrogen InforMax, Frederick, MD).
For detection of microsatellites in genetic sequences, we used a TROLL program (Martins et al. 2006) . Each sequence contained at least two microsatellite repeats on each end of the insert. Some microsatellite clones contained an additional internal microsatellite, implying microsatellites clustered in some genomic regions. Primers were designed to amplify regions containing microsatellite repeats by using primer 3 (Rozen and Skaletsky 2000) . The forward primer was dye labeled with 6-FAM (PE Applied Biosystems). In total, 18 primer pairs were designed to amplify microsatellite-containing regions of the genome. We successfully optimized one of these pairs for individual genotype identiÞcation through fragment analysis. In the optimized region, forward and reverse primers were named MTA 12b-F (5Ј-GCA CGG ACA CAC ACA TTT TC-3Ј) and MTA 12b-R (5Ј-GTG CGC CTT TTT AGG ATT CA-3Ј), respectively. The repeat motifs are GAA and AAG. The microsatellite sequence has been deposited in DNA Data Bank of Japan (accession AB499826).
Fragment Analysis and Genotyping. PCR ampliÞ-cations using the primer pair MTA were performed using an ABI thermocycler (PCR System 9700 and 2400, PE Applied Biosystems). Each PCR mixture consisted of 10 l:1 l of template DNA, 5.0 l of AmpliTaq Gold PCR Master Mix (PE Applied Biosystems), 0.5 l of each primer (10 pmol l Ϫ1 MTA 12b-F and MTA 12b-R), and 3.0 l of sterile water. Cycling parameters were as follows: 95ЊC for 10 min, 30 cycles of 94ЊC for 1 min, an annealing step at 55ЊC for 1 min 30 s, a step at 72ЊC for 1 min 30 s, and a Þnal extension step of 72ЊC for 1 min 30 s. For genotyping, the PCR products were electrophoresed along with GeneScan LIZ 500 internal size standard on an ABI Prism 3130xl DNA sequencer (PE Applied Biosystems). Allele sizes were assigned against the internal size standard and individuals were genotyped using Peak Scanner software 1.0 (PE Applied Biosystems).
We inferred maternal and paternal alleles from the genotypes observed within each ootheca. An ootheca with Þve or more genotypes among the progeny indicates two or more sires, because heterozygous parents sharing no common alleles are expected to produce four Þlial genotypes. We performed chi-square tests on oothecae with two to four genotypes among the progeny to check for departures from expected Mendelian ratios based on single male and single female pairings. These analyses were sufÞcient for our examination of one locus, rather than analyses developed for multiple loci (e.g., GERUD, Jones 2005).
Results
We found three codominant alleles at microsatellite locus MTA: allele A (205 bp), allele B (208 bp), and allele C (211 bp). The distribution of these alleles March 2011among the progeny of the oothecae is shown in Table  1 . Interestingly, 13 of the 18 oothecae reveal homozygous progeny only (BB). All of the progeny from Hirosaki were of the BB genotype. For Þve oothecae (oothecae 6 Ð10), we found two or more Þlial genotypes within each oothecaÕs initial sample of 30 hatchlings. In two oothecae (oothecae 6 and 7), we found Þve or more Þlial genotypes within the initial sample, which prompted us to determine the genotypes of all of the progeny within both oothecae.
Inferred parental genotypes for each ootheca are given in Table 1 . The 13 oothecae with exclusively BB genotypes point to homozygous BB parents. Two oothecae show evidence for two sires (oothecae 6 and 7), having Þve genotypes among the progeny. In ootheca 6, the presence of the BB and CC genotypes requires maternal genotype BC. Similarly, in ootheca 7, the AA and BB genotypes require maternal genotype AB.
The remaining three oothecae (oothecae 8 Ð10) contain two to four genotypes. Two of these oothecae show signiÞcant departure from genotypic ratios as expected by Mendelian inheritance of alleles at a single locus (Table 2 ).
Discussion
The current study provides evidence for multiple paternity within egg clutches for the mantid T. aridifolia. To our knowledge, this is the Þrst demonstration of multiple paternity in Þeld populations for a sexually cannibalistic species. Of the oothecae examined, two provide clear evidence of multiple sires (i.e., Þve or more genotypes among the progeny; oothecae 6 and 7). Another two oothecae provide equivocal evidence for multiple sires (i.e., signiÞcant departures from expected Mendelian ratios of genotypes; oothecae 9 and 10). With regard to this last point, genetic contributions from multiple males can skew Þlial genotypic ratios from those expected from a single male and single female mating. This notion requires further testing, however, so we cannot conclude multiple paternity within these latter two oothecae.
The remaining 14 oothecae do not show evidence of multiple paternity. In fact, 13 of these 14 were exclusively homozygous, with all progeny of the BB genotype. Although this result suggests a high degree of monogamy, we caution that our study probably underestimates the frequency of multiple paternity, because we examined genotypes at one locus with three alleles. More powerful estimates of the frequency of multiple paternity in the Þeld require multiple loci, preferably with many alleles per locus.
The current studyÕs demonstration of multiple paternity within oothecae points to some level of cuckoldry in nature in this mantid. One ramiÞcation is that a cannibalized maleÕs fertilization success might indeed be compromised by the femaleÕs multiple mat- ings, which would lessen the cannibalized maleÕs Þt-ness beneÞt of increasing his mateÕs fecundity (Elgar and Schneider 2004) . Clearly, determining the net effect of cannibalism on male Þtness requires further research on the frequency of polyandry and multiple paternity in nature, along with the effects of cannibalism on female reproductive output on the species in question (Birkhead et al. 1988 , Maxwell 2000 , Barry et al. 2008a . With respect to T. aridifolia, we note that the behavior of males is consistent with the notion of risk-avoidance, suggesting that sexual cannibalism is a net cost to male Þtness, at least in North American populations. Males alter their mating behavior in response to female hunger levels, approaching hungry females more slowly and mounting them from a greater distance than with better-fed females (Lelito and Brown 2006) . As in other mantids (Maxwell 1999) , the males do not exhibit behaviors that facilitate cannibalism, such as copulatory somersaults into femalesÕ mouthparts in redback spiders (Forster 1992 , Andrade 1996 . Given that the current study demonstrates multiple paternity within egg clutches in nature, the question of relative paternity among competing males warrants further investigation in this and other sexually cannibalistic species, with attention to possible determinants such as the occurrence of cannibalism, copulation duration, and postcopulatory sperm manipulation by the female (Andrade 1996 , Birkhead and Møller 1998 , Simmons and Siva-Jothy 1998 , Elgar and Schneider 2004 , Prenter et al. 2006 ). An integration of genetic analyses with behavioral and ecological work will contribute toward a greater understanding of the reproductive consequences of sexual cannibalism, as well as illuminate sexual conßict between and within the sexes (Attard et al. 2009 ).
